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When Jacehia published his model in 1965, it was stated that the concentratIons

were to be computed by numerical integration of the diffusion equation using the appro-

priate temperature profile. Walker (1985) pointed out , however, tha t with a minor

change in the mathematical form of the temperature profile , the diffusion equation could

be integrated directly. This feature is quite importan t in applications where numerical

efficiency and economy are imperative.

The Jacehia-Walker- Bruce model (Bruce , 1966), which is a standard option for

TRACE users, is basically Jacchla-1965 with densities computed using the closed-form

solution of the integral of the dif fusion equation. An additional modi fication introdoced

by Bruce eliminates the cross-over of the density profiles near 150 km as shown in Fig.

5. This crossing of density profiles , which means that on opposite sides of the cross-over

(or isopynic) point the density varies in opposite senses as a function of exospheric

temperature, is ckie to the conservation of mass. In other worth, the density at high

altitudes can increase only at the expense of the density at low altitudes if the pressure

at the lower boundary is to remain constant. While it is quite likely that such behavior

does exist somewhere in the atmosphere , observatIons Indi cate that it Is below about the

120-k m level. Thus, Bruce’s modi fication , while leading to nonconservation of mass , or

• equivalently , flow across the boundary, does force the model to behave In a more

realistic fashion.
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Figure 5. Jacchia—Walker-Bruce model (solid lines) compared with the Jacchia 1965
model (dashed lines).
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CIRA 1972 /JACCH IA 197 1

Introduction. The COSPAR International Reference Atmosphere 1972, or CIRA

1972, (COSPAR, 1972) consists principally of two independent models: A model of G. V.

Groves for the altitude range 25-125 km and a model of L. 0. Jacehia for the range 110-

2000 km. The two models differ considerably, including the use of different parameters;

they also do not match in the region of overlap. Our concern in this report is with the

high altitude model of Jacchia, which is essentially identical with the model commonly

referred to as Jacchia 197 1 or J71 (Jacehia, 1971).

The model is based primarily on satellite-drag data, with composition adjusted to

reflect theoretical results and in situ mass spectrometer results. In partIcular the

controversial analysis of atomic oxygen measurements by von Zahn (1970) has been

incorporated. As a static model which assumes diffusive equilibrium, J7 l builda on the

foundations laid by Nicolet (1965), Jacehia (1965), and Jacchia (1970). Perhaps the most

notable change in J71 is in moving the constant boundary conditions from 120 km down to

90 km , which has the effect of moving the resultant notorious isopycnic layer from near

150 km down to a height well below normal satellite altitudes, thus making the Bruce—

type correction in a more self-consistent fashion.

The iSO km level is employed in effect as a reference level; the temperature

profile at lower altitudes is “adjusted to give the required total density at 150 km”

(COSPAR , 1972) after setting the composition at 150 to correspond to the composition

suggested by von Zah~ (1970).

The CIRA 1972 model also represents a model dif ferent from the more “mathe-

matical” models, such as MSIS (to be discussed below), for which the choice of functional

-25-
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forms is dictated by questions of orthogonality, completeness, etc., with the final para-

meters determined by a fitting routine. In the CIRA 1972 me-del the mathematical forms

and the specific parameters enter in ways which attempt to reflect the current

understandi ng of the physics and chemist ry of the atmosphere , or which specifically

demonstrates the form of a given variation, thereby isolating certain features or

variables.

Model Formulation. The J71 model is a static model which assumes diffusive

equilibrium. The basic independent variable is the temperature. All temperature pro-

files begin from a constant value T0 = 183°K at the base altitude of 90 km and have an

inflection point at 125 km. The choice of the functional form of the profile is dictated

as much by computational as by t heoretical and experimental considerations. The chosen

profiles yield continuous first and second derivatives with respect to height through the

inflection point. The temperature-height profile is characterized by the exospheric

temperature, T~, , the temperature which is approached asymptotically at high altitudes.

The J71 model recognizes several types of variations which are dealt with

explicitly. Specifically they are:

1. Solar cycle varisions and shorter—term solar activity effects.

2. The diurnal variation.

3. Geomagnetic activity variations.

4. The semiannual variation.

5. Season al—latitudinal variations.
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(More rapid density variations (waves) are also recognized to be present but as being

incapable of being bandied in a static model of this type.)

The above five sources of variations are accounted for In the model In two distinct

ways. The first is as a variation of the exospheric tempera ture 1,,, . The variations so

modeled are:

1. The solar activity effec ts, which employ for their input parameters the

readily available 10.7-cm solar flux (F
107

). The model distinguishes

- 

- between a contribution from active areas and a disk component, which are

modeled by a slightly delayed (1.71 days) value of F107 and by a running

average over 6 solar rotations (F107 ), respectively.

2. The diurnal variation is represented by a sub-solar “bulge.” The ratio of the

• -. maximum exospheric temperature at the sub-solar point to the minimum at

the anti-solar point Is a constant 1.3, although Jacchia points out the

considerable uncertainty on this point. The diurnal variation has both local

time and latitude dependence (and seasonal variability implicitly through

the movement of the sub-solar point). The hours of minimum and maximum

of the daily density are Independent of latitude and altitude and occur at

02.87 and 14.08 hours local solar time, respectively.

The second way in which the sources of variation are incorporated Into the model

is via a direct percentage variation of the local ambient density. The sources modeled in

this way are:

-27.
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I. The semiannual variation is expressed as a separable function of time

(expressed in days) and altitude in the manner
I

log10 ~semiannua l 
= f(s) g(t) (7)

The function g(t), which is not sinusoidal, has maximum excursions of

—0.519 and .0.478 and averages to zero over the period of a year. The

height function liz) is relatively small below 200 km with a broad maximum

peaking at 0.353 near 800 km.

2. The seasonal-latitudinal variations In the lower thermosphere arise in J7l

as an attempt to fit lower boundary conditions. The form chosen is

4 log10 ~ 
S -i-. P sin 

~ (8)

where 0 is the geographic latitude, S is a function of altitude which has a

maximum value of 0.166 at 110 km, falling to zero by 170 km, and P is a

sinusoidal function with the maximum at the winter solstice.

Another seasonal-latitudInal variation, namely that of helium, is modeled

separately as a function of solar declination and latItude. The maximum,

~ 1og~~ n (He) = 0.420, occurs over the winter pole at solstice. The summer polar

minimum is -0.230.
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The variations w ith geomagnetic activity are modeled by a combination of

temperatur e and density variations. The suggested formulas are:

4 log1~ p = 0.0 12 • 1.2 z lO~~ exp (IC
r

) (9)

4T~ = l1°K~ 
• (f02 exP(K~). (10)

An alterna t ive version employs only a temperature variation

28°K~ • d~03 ex~~(K~ ) . ( I I )

A ti me lag of 6.7 hours for the appropriate value of is suggested.

In pract ice, the model is used by fir st determini ng the appropriate .rxospheric

temperature , 1, , according to the ~rious parameters (loca l ti me, time of year, F10 7,

etc. ) which directly affect this quantity. The value of T , then completely determines a

given density-height profi k. for the individua l species according to the equations for

diffusive equil ibrium. Adjustments to these indivi dual density profile s are then made

according to the formu las for the semiannua l, geumagnetie, and seasonal-lat ItudIna l

ef fec ts which operate directly on the density.

Limitations. CIRA 1972/J?1 Is a static model derived primarily from insights

gained from examination of satell ite diag data; its limitations derive in large part from
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these circumstances. Because it is a static model it Is best able to represent

atmospheric var iability wit h relatively long time scales like , for example, the semiannua l

var iation. Variations with shorter time scal es, such as the diurnal variat ion, are modeled

less well. For example , the diurnal response of var ious constituents in the i~ per

atmosphere , in particular N2 and 0, have dif ferent phases resulti ng in a change in phase

of the overall diurna l response as the atmosphere changes from a dominan t ly N2 to a

dominantly 0 atmosphere with Increasing height. While J71 does conta in diurnal

asymmet ry, it has a very simple form , constant at all altitudes , and Is subject to

cons iderable uncertainty. At even shorter time scales the more dynamic response Is

sti ll more poorly modeled, particularly for high va lues. This difficulty ts exacerba ted

when the comparison Is made w ith in s itu mass or density measurements with their

inherently more rapid response than the &ag data used for the mode l formulation .

Accura cy . Figure 6,tak en from the (‘ IRA 1972 publication (COSPAR , 1972), gIves

density residuals from the model for nine satellites. The residuals appear to average

abou t lS-25% over the time period 1958-1970 , i.e., an entire sola r cycle. This is In

agreement with values derived comparing the J71 model with rn situ ion gauge data

below 300 km for the period 1973-1975 (Rice and Sharp, uopublished). Because of lack of

available low altitude data when formulating J71, the model at low altitudes may not be

correct in all its deta ils. For exampl e, the phase of the diurna l variation changes at low

altitude , a feature which is not modeled by J71 (Sharp et a!., 1971). Because the

amplitude of such variatio ns also decreases at low altitudes , however , the ef fect on the

overall percentage accuracy ii not extremely great. Neverthele~~, care must be

exercised at low altitudes if specific details such as diurnal behavior or relative

composition are significant for the use considered.
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Figure 6. Thirty- day means of density residuals from the J71/C IRA 1972 model for
nine satellites covering a fu ll solar cycle. ~ Is an average effective height
for each satellite (from COSPAR, 1972).
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The McDonnell Douglas Model1 MDAC

MDAC is an atmospheric model developed by W. P. Olson et al. (1975). The

motivation for developing the MDAC model arose as a result of studies of the daysidc

cusps which indicated that at high latitudes the thermo spheric densities are qui t e

variable, with particle precipitation being the dominant energy source. Specifically this

precipitation, which is controlled by the m agnetospherie magnetic field, consists

principally of solar wind protons and electrons which precIpitate directly into the

ionosphere and upper atmosphere near noon (Frank, 1971; Heikkila, 1971). No existing

thermospheric model attempts to incorporate this particular energy source.

Prior to construction of the MDAC model, extensive work was done on energy

sources for the thermosphere (Moe, 1971; Olson, 1971). In addition, the physics and

morphology of the day-side cusp were investi gated using avail abl c data on precipitating

particles. The intersection of the cusp is assumed to be at 75° magnetic latitude with its

central longitude on the magnetic noon meridian plane. The extent of the region of

interaction is assumed to be 1800 in longitude and 3_ 5 0 in latitude.

The MDAC model is semi-empirical and has a range of 0-450 km. Between 120

and 450 km the model provides a global description of the atmosphere, while below

120 km it utilizes a power series fit to the CIRA 1972 mean referenc e atmosphere. The

boundary between the lower- and upper—atmospheric models is everywhere continuous

and the slopes are closely matched.

The tota l densIty returned by the model is the sum of two terms: the corpuscular

heati ng term ( is described in magnetic coordinates, while the EUV and other

sources term ( ) is described in geographical coordinates. The two contributions are

- 32 -  
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then .~nmbined in the follow ing manner:

P 4i’~ 
p(z, A, ~~~, T, D, F, P) in gm/cm 3 (12)

z = altitude in km

A = geographic latitude in degrees

= east geographic longitude in degrees

T = universa l time in hours

I) = day of the year

F = decimetr ic solar flux in 10 22 Wfm 2-llz

P particle heati ng parameters.

The first term Li expressed as a product

p0 (z. F) 13 (z, )
~~, 

t) .1 (z, A ,  D) Q (z, D) (13)

where

p0 is the mean equator ial density

B Is the diurnal variation

J is the seasonal-latItudi nal variation
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Q Is the semi-annual variation

t is the loca l time. —

a

For average conditions p0 can be expressed as

Po = P(120) exp 120 — a  1 where p (120) = 2.7 x lO~~ gm /cm 3. (14)
1.737Jz—103 

J

The F 107 variation is introduced by replacing 1.737 with

I

0.99 + o.si8(~~~F ) (15)

where F is averaged over the precedI ng 3 months. The diurnal variation is given by
a

p (z)
B(z, A , t) = ( 1  • (f(t) — 1) cos Al . (16)

The function f(t) is the diurnal variation in density at the equator given by

f (t ) = 0.994 • 0.545 coal!. (t - 14.745)1 • 0.102 cos (t - 1.838)1 . (17)
L12 J [6 J

The function p(z) is given by 1.1 x (1 - exp( -(z-l20)/ 150)) which sat isfies the following

conditions. It reproduce s the values at 450 km observed by Hedin et .1. (1974). The

height dependence fits the LOGACS data (Bruce , 1972) near local noon at 186 km and

the data of Ching and Carter (1974) near local midn ight at 230 km. In addition the

diurna l variation is made to approach zero where it Interfaces with CIRA 1972 at

120 km.
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- The latItudinal-seasonal dependence is given by

m p(z)
J ( a , A ,D) = 1 —  cs(1 — eos( A-  A 1)) (18)

A5 is the latitude of the subsolar poInt, 23.5 sin dug. (19)

- 
0 =  0.25 andm 2.5.

This is a compromIse equation to fit the latitude dependence observed by Hedin et al.

(1974) at 450 km , the LOGACS data at 186 km, and observations indicating only a small

latitude dependence due to UV heating.

- The semiannual variation is expressed as
S

- 
- Q(z, I)) = I + R (z) G (D) (20)

where

R(z) = -0.02 + 0.27 x io ..2 
z - 0.85 x ~~~ z 2 

- 0.59 x 10 z3, (21)

0(D) = 0.t43 cos f i~
_ (D - 4)] + 0.239 eoe f~i~ (D - 109)l

1365 J [365 J

- + 0.044 COSI!1! (D - 66)1 . (22)
L365 J
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The corpuscula r heati ng term is given by

‘~ 
1
~c = p,~ exp [- (z-120)/50]c ( A~~, t ma P) (23)

where A m is the magnetic latitude , t m is the magnetic local time and P the cusp heating

parameters which include the particle precipita tion intensity and size parameters of the

heati ng regi on. The function Is given a scale height of 50 km in order to have zero

heati ng at 120 km and approa ch a maximum heati ng near 170 km. This is done because ,

although protons can penetrate to abou t 110 km . the peak energy loss per km Is at

-169 km (Olson, 197 1, 1972).

Func tion C represents a density bulge which encircles the geomagnetic pole and is

most intense at local magnetic noon. The amplitude , extent and location of the bulge are

adjustable parameters which depend on solar wind and magnetoepheric character istics.

These adjustable values have been nominally set to give a best fit to the LOG ACS data

duri ng quiet t imes.

The MDAC model has the advantage of being functionally simple and compu-

tat lonally fast. The FORTRAN version of th is model (as provided by Olson, et aL) has

been carefully optimized to minimize the number of multiplicatIons and calls to

elementa ry functions. Since the model does not include the variation, its utili ty is

limited to quiet times. In addition It predicts densities which are in general about 10%

too low. However , since it does Include the heat source from charged particle

precipitatIon Into the high latitude regions, it can be valuable as a baseline In the study

and prediction of densities in the polar thermosphere.
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The U. S. Standard Atmosphere, 1976

___________________
Introduction. The U. S. Standard Atmosphere, 1976, Is the atmospheric mode l

adopted of ficially by the United States Comm ittee on Extension to the Standard Atmo-

sphere (COESA). It replaces an earlier model known as “U.S. Standard Atmosphere,

1962” (COESA, 1962). The new standard is defined and described with graphs and com-

plete tables In the c ’flcial publication “U. S. Standard Atmosphere, 1976” (COESA, 1976)

published jointly by the National Oceanic and Atmosphe ric Adm~’~lst ratIo n (NOAA), the

National Aeronautics and Space Administration (NASA), and the United States Air Force.

The new standard is aLso described together with abbreviated tables by Minzner et aL.

(1976).

The U. S. Standard Atmosphere, 1976, attempts to set forth an idealized repre-

sentation of the atmosphere which will have utIlity for a number of scientifIc,

engineering, meteorological, and commercial neede. As such it differs from the other —

recent models discussed in this document in two significant ways. Firstly , only a single

model profile is produced which is “designed to represent mean mid-latitude conditions as

presently known for heights within and below the thermosphere and to represent mean
L solar conditions In and below the exosphere” (COESA, 1976). Secondly, the altitude raise

covered by the model extenda from ground level (actua lly from 5000 meters below sea

level ) upwardu to exospheric altitudes (1000 km). The complete CIRA 1965 and CIRA

1972 models do not extend below 30 km and 25 km , respectively .

Both of the above imique characteristics derive from the manner in which the

concept of a “standerd atmosphere” has evolved. The century-long history of the
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development of and changes in “standard” model atmosphere is well told by Minzner

(1977). The Initial Impetus for their use was as a calibration standard for aneroid

barometers used as height measuring instruments. The subsequent development of

aviation and its rapid expansion followi ng World War I increased the need for and the

accuracy required of such models. Developmen t of higher flying aircraft and rockets

during and following World War 11 greatly increased the •eed for a higher altitude model

and at the same time Increased the data base available for its cons t ruction. The

launchi ng of Sputn ik I in 1957 and the subsequent proliferation of satellites circli ng the

earth produced a similar situat ion extendi ng out to the exosphere. The U. S. Standard

Atmosphere , 1962, incorporated much of th is early satellite data in produci ng a model

which reached to 700 km altitude . The primary impetus for issuing the U. S. Standard

Atmosphere , 1976, was recognit ion that the “ mea n” conditions chosen for the 1962 model

were, in fact , stro ngly biased toward conditions repr esentative of high sola r activity. As

a result , the thermo spheric temperatur e profile , in particular , was consIderably hotter

and hence densities considerably greater than subsequent measurements have supported.

Differences between the 1962 and 1976 stan darda are confined to alti tudes above 51 km.

In this report, our interest is w ith the upper atmosphere , whi ch for this model can be

defined as the region above 86 km where a change in computational techniques is made.

The following discussion will refer only to this higher region unless stated otherwise.

Model Formulation. The U. S. Standard Atmosphere, 1976, is intended to repre-

sen t yea r-round mean atmospheric properties for a mid -latitude location during moderate

solar conditions. Quoting the COESA Working Group with respect to the upper altitudes :

-38-
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“The atmosphere shall also be considered to rotate with the earth , and be an average

over the diurnal cycle , semi-annual variation , and the range of conditions from active to

quiet geomagnetic, and active to quiet sunspot conditions. Above the turbopause (above

110 km) generalized forms of the hydrostatic equations apply” (COESA, 1976). This

definition leaves open the determination of Just what average conditions actually obtain

in the earth’s atmosphere , a difficulty which g rows with increasing alt itude . This subject

will be discussed further when we examine the model’s limitations.

The prima ry parameter for defining the U. S. Standard Atmosphere, 1976, is the

temperature vs. altitude profi le, as it has been for every accepted reference atmosphere

since the constant temp erature (50°F) British standard atmosphere published by the

Astronomer Roya l C. B. Airy In 1867. The temp erature profile is used to achieve

continuity between the var ious altitude regimes where differing computational tech-

niques must be employed. The actual form of the temperature profile chosen mus t be a

reasonably accurate represe ntation of the aver age measured profile and at the s me time

be of a for m suitable for use with the computational formulas . Prior to the 1976 mode l,

the temp erature profiles consisted of segments linear in either temp erature I or

molecular scale temper ature MT with respect to either geometric or geopotential height.

The 1976 mode l also employs linear temp erature segments up to 86 km. Above 86 km the

1976 standard uses a temp erature profile consisting of four (non—linear ) segments chosen

so that the first derivative of temp erature with respect to geometric height is continuous

ove r the entire regIon 86-1000 km. The exospheric temp erature which is approached

asy mptot ically at high altitude is 1000°K, 500°K below the exospheric temp erature used

in the 1962 standard. The 1962 and 1976 profiles of kinetic temp erature are shown in

FIgure 7.
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Figure 7. Kinetic temperature vs geometric altitude for the 1962 and 1976 Standard
At mospheres. Note In particular the differences near 100 km and above
120 km (from COESA, 1976).
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The computations are performed differently in the regions below and above 86 km.

Below the 86 km the model assumes ground level mixing ratios (except for trace con-

stituents such as ozone which are handled separately) and hydrostatic equllbrium. Above

86 km the simplified hydrostatic equation no longer applies, and diffusion and vert ica l

transport as well as effects of atmospheric chemistry must be considered. Thr transi t ion

to a purely di.fusive regime is accomplished gradually in the region 86-115 1cm. It is

therefore necessary to consider each constituent separate ly; many of the atmospheric

properties which are calculated directly below 86 km, such as pressure, vIsc osity , etc. ,

must be determined as the sum of the contributions of the various constituents at higher

altitudes. A number of processes known to occur in this height range are taken into

account by a combination of tractable analytical formulas and empirically determined

constants to reproduce experimental data. Since small adjustments in parameters

propagate their effects to higher altitudes, the choice of a particular parameter value (or

even functional form) is often the result of an iterative procedure. The processes

considered in formulating the model are

1. Vertical transport

2. Height-dependent molecular diffusion

3. Heigh t -dependent eddy diffusion

4. Thermal diffusion

5. DissociatIon and recombination.
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The altitude profiles for the various species consIdered, N2, 0, °2’ Ar, He, and H,

should be determined simultaneously as a coupled set of equations using the predeter-

mined temperatu re profile. In practice , In order to reduce computation time , an

iterative procedure was used, starting with N2 and proceeding in the order in which the

species are named above. The rationale for this is explained in Part I of the published

model (COESA, 1976). The parameters chosen for the 1976 model have the eddy

diffusion coefficient set to zero above 115 km , the thermal diffusion and vertica l

velocity terms small or zero abov e 120 km , and complete diffusive equilibrium obtaini ng

above 150 km. Hydrogen is an exception to the above; it is only determined for altitudes

150— 1000 km , with diffusive equilibrium obtaining essentiall y above 500 km.

After the number-density altitude prof iles have been obtained for the individual

species, a number of other atmospheric properties are determined by combining the

profiles w ith the previously determi ned temp erature profile. These include pressure,

total number and mass densities, density and pressure scale heights, mean air-particle

speed, mean free path, mean collision frequency, speed of sound, dynamic and kinematic

v iscos ity, and the coefficient of th ermal conductivity. All of these parameters are

either tabulated or shown graphically in the published model. The density-heig ht profile

for the 1976 standard and several earlier sta nda rda are shown In Figure 8.

A ccura cy and Limitations. When considering a reference atmosphere such as the

l976 U.S. Standard the question of accuracy involves somewhat different considerations

tha n for a more complete model such as CIRA 1972 or JacehIa 1977.
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Figure 6. Density-heIght profiles of several model and stan dard atmospheres showlog
the evolution from 1947 to 1976. Note in particular altItudes above about
250 km where the range is more than an order of magnitude (from MInzner,
1977).
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a. Appropriate Mean Conditions

Since the model is meant to represent mean conditions, the first question must be:

How appropriately are the mean conditions selected and how well do the selected data

represent this mean condition . As noted previously, a primary impetus for issuing the

1976 Standard was the recognition that the “ average” conditions chosen for the 1962

U. S. Standard Atmo sphere were stro ngly biased toward conditions of high solar act iv ity.

The 1976 Standard is based on satellite data coveri ng almost two complete solar cycles

and rocket data covering almost three complete solar cycles; it is therefore probable

tha t the l000°K exospheric temperature and details of the profile fairly closely

approximate true “mean” conditions. Neverthele ss, future data may force re-evaluation.

The problem is also complicated by the range of variability found in the atmosphere. At

lower altitudes this range is not great , but at highe r altitudes the deviations increase

dramatically, as can be seen in the temperature profiles in Figure 9. WIth such large

variations, the choice of an appropriate “ mean” profile becomes as much a matter of

taste or utility as of science .

b. Data Base Accuracy

Considering the great variability in the uppe r atmosphere, it may be tha t

questions regarding the accuracy of the data used to construct the 1976 Standard are not

crucial. Nevertheless such questions are particularly important in the range 86-150 km

where the transition to a diffusive mode l takes place. Much of the chemistry and the

dynamics of this region is not well-known and In many cases the few available

measurements appear to conflict with requiremen ts imposed by measurements at higher
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Figure 9. Range of deviations of the density-altitude profiles from the 1976 standard
for various degrees of solar activity: (A ) for lowest exospheric tempera-
ture at sunspot minimum ; (B) average conditIons at sunspot mini mum; (C)

average conditions at average sunspot maximum; and CD) exceptionally
active conditions (from C0~~A, 1976).

-45-

— 

- - 

_ _ 

— : ~~~~~~ — -—— - - — - 

_ -
~~~~~~ I

— - .  
~

-- _ - _
~~~~ 5 .__

~~
__S__ 

- — —  - — - ~~~~ —_------- ---S--__-— 



. 5 - . _ ___

and lower altitudes and current theoretical understanding. Future changes to the

Standard will probably have their origin in improved understanding of this critical region,

with effects possibly propagating in the model to higher altitudes as well.

c. Scientific Validity

Anyone contemplating use of the 1976 U. S. Standard Atmosphere for compu-

tational or for theoretical purposes must consider how we ll the model profile

approximates a valid, physically possible profile, both for the individual constituents and

as an ensemble. COESA has attempted to facilitate such use by selecting differentiable

temperature profiles. As before, the crucial region is the least understood, namely 85-

150 km altitude . Even a mean atmosphere should ideally represent a condition which can

actually obtain in the real atmosphere. Because of the highly dynamic nature of the

atmosphere, it is possible that no static model can fulfill this criterion completely.

In summary, it is the utility and usefulness of the U. S. Standard Atmosphere 1976

and not any artificially defined “accuracy” which must determine its applicability in a

given instance. It is useful because it is a “standard” and there fore uniquely determined,

but in a highly varying, highly dynamic atmosphere opportunities for its use are limited.

When Issuing the 1962 U. S. Standard Atmosphere, COESA, with admirable candor ,

designated the height region 32-90 km “tentative” and the region 90-700 km

“speculative.” Even 15 years later it is well to remember the warni ng implicit in these

worda.
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The OGO-6 and ESRO-4 Models

Introduction. Two models of thermoepheric temperature , density and composition

have been derived entirely from data taken by satellite-borne mass spectrometers. Since

these models are identical in their mathematical formulation , differing only in their data

bases, they will be described together.

Hedin et aL (1974) developed a global model of the thermosphere above 120 km

for quiet geomagnetic conditions from measurements of the density of N2, 0 and He

taken by the mass spectrometer on the 000-6 satellite. This satellite was launched on 5

June 1969 into an 82° incLination orbit with 398 km perigee and 1100 km apogee and

operated until July 1971. During this period, the latitude of perigee of the satellite

moved six times around the earth and through ten diurnal cycles. Values of the mean

flux varied from 108 to 168, the overall average being near 150; the average value

of A~ was 4. The data used in the model covered the altitude range 400-600 km.

Data taken by the mass spectrometer on board the ESRO -4 satell ite during geo-

magnetically quiet times were used by von Zahn et al. (1977) to develop a global model of

the thermosphere above 120 km. The ESRO-4 satellite was launched on 22 November

1972 into a 910 Inclination orbit with initial perigee at 245 km and apogee at 1177 km

and operated until iS AprIl 1974. Data from 228 days during this period were used as the

data base. Values of p10.7 ranged from —70 to —125, with a mean value of 92; the

average ~aiue of A~ was 7. The data used in the model covered the altitude range 240-

320 km. The ESR O-4 model thus complements the 000-6 model w ith measurements at

lower altitudes and lowe r levels of solar activity.
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Model Formulation. In both models, the composit ion is described in terms of

density variations at a reference altitude (450 km for 000-6 and 275 km for ESRO—4 )

with an altitude dependence which assumes isothermal conditions at higher altitudes at

any given time and locat ion. A spherica l harmonic expansion (in geographic latitude-

local time coordinates) is used to fit the density data at (In a least-squares sense) with

the followi ng formula:

r 1Mg0 (z-zo) ( R E + z0) 1
n (z, L) = n (z0) exp IC (L ) - I I exp - I I (24)

I J L R T D (L ) (R F + Z )  J

where

n number density of a particular gas, cm ’3

z = altitude, km

reference altitude

L variable representing the geographical and geophysical parameters

upon which density is assumed to depend

C spherical harmonic expansion described below

M molecular weight of a particular gas, g/mole

RE polar radius of the earth, 6357 km

g0 acceleration of gravity at the reference altitude

H gas constant , 8.314 x ~~~ gm-k m2/mole see2 (leg

= exospheric temperature, °K.
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The function 0(1) contains the Information on the variation of density with selected

geographic and solar activity parameters. It is writ ten as a series of spherical harmonics

whose coefficients for each gas have been determined using the mass spectrometer data

and are tabulated in the mode L The spherical harmonics represent the following kinda of

variations of density in the thermo sphere: variations w ith soLar act ivity (F
107 ),

var iat ions with geomagnetic activity (A~)~ variations with time of the year (including

annual and semiannual terms), variations with local time and Latitude (including diurnaL,

semidiurnal and terdiurnal terms ). A total of 37 coefficients for each thermospheric

constituent is involved. The Input parameters required by the model are latitude , local

time and altitude of the point in question , day of the year , the values of F107 both one

day before the day in question and averaged over three sola r rotations , and the

geo magnetic activ ity index ~~ with a six hour lag in the 000-6 model, and a latitude-

dependent lag of 4.8- ~~i /45° , wher e • is the geographic latitude, in the ESRO-4

model.

The merit of a mode l based on a spherical harmonic analysis Is that these

functions for m a complete set that can, In principle, represent any degree of complexity

in the data by a systematic increase in the number of terms used. Furthermore , since

the spherical harmonics are approximate eigenfu netions of the thermosphere , relatively

few terms should be required. The form of the dependence of density on F
107 Is similar

to that of the Jacchia 1971 model, except that allowance is made for a possible non-

linearity in the correlation with the 27-day F107 variat ion; such an effect has been

suggested by some data from ground-based observations. The dependence of density on

included in these models is small; the possibility of a latitude var iation of the

geomagnetic activity effect has been included.
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Once the density distributions at the reference altitude and T ,, are determined

using equatIon (24), the following formulas are used to evaluate the densities and temper-

atures at all other altitudes:

I (z, 1) T~ (1) - [i , (1) - T120] exp 
[~

s (z-120)~ (25)

n (z, 1) = n (120) D (z, ~JL), s) (26)

1 + a + Y
D (z, T (1), ~

) 
[~

_
~ - ~- ]  

exp (- a y ~ ) (27)
1-ac

where T120 = temperature at 120 km altitude, 355°K

s temperatur e gradient parameter , 0.022 km ’

a = s+1.5 x 10 S

a = 1 -T 120 fT~,(L)

(z _ l2O) (R E
+ 12O)f(R E +s)

v Mg120! CR T~1,(L)

a = thermal diffusion coefficIent.
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The expression for T (z,L) leada to a temp erature which Increases with increasing

altitude above the 120 km level, asymptotically approaching the exospheric temperature

T~ (1) at great heights. The formulations of equations (26) and (27) are based on the

assumption of hydrostatic equilibrium above the 120 km level, where variations In all

quantities other than the temp erature and the N2 density are allowed.

Accuracy. The accuracy of these models Is on the order of the experimental error

for He and 0 (20% for 0 and larger for He) and about thr ee times the experimental error

for N2. The root-mean-square error of the models (with respect to the data which were

used In their generation) is on the order of 15-20%.

Limitations. There are two aspects of the mass spectrometer models which limit

their usefulness. These lim itati ons are basically due to characteristics of the data bases

used in their generation. Since each model used data from only about two years of

satellite operation, the cover age In latitude and local time at specified values of P107
and A~ Is not really adequate for producing a definitive model. (This is especially

evident with respect to ~~ leading to a restriction of the models to quiet geomagnetic

conditions.) The second lim itation is related to the cover age in altitude. Since the data

used in the models were taken above a particular altitude, no actual measurements of

density below these altitudes could be used. The model predictions at lower altitudes are

thus extrapolations of the model under the assumption of hydrostatic equilibrium.

Hydrostatic equilibrium (or an individual gas species probably does not occur below

—200 km altit ude, except in the case of molecular nitrogen. Thus, these models may be

suspect at all altitudes below those at which data were taken, and certainly are

unre liaSle below —200 km.
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The Mass Spectrometer-ln coherent Scatter (MSIS) Model

Introduction. The 000-6 and ESRO-4 models were the first empirica l models of

the upper atmosphere to be based on data taken by satellite-borne mass spectrometers.

These models suffer from restricted data bases , however, and are useful only when values

of atmospheric properties are required for the ranges of altitude , solar and geomagnetic

activity , etc. , which were included in these data bases .

Since the launch of these two satellites , a number of additiona l spacecra ft

carrying mass spectrometers have been placed into earth orbit. These satellites, taken in

combination, provide a significant imp rovement in data coverage. For example ,

measurements of atmospheric density and composition are now available over a wide

range of altitudes ( -.140-600 km), and for a range of 
~
‘1o.7 of —75-180 x 10 22 W/m 2Hz.

Furthermore , a large data base of upper—atmospheric temp erature measurements has

been compiled at several ground-based incoherent scatter rada r sites; these data provide

complementary information in the form of direct measurements of temp erature with

good local time coverage at particular latitudes over a wide range of solar activity and

all seasons.

The mass spectromete r-incoherent scatter (MSLS) model (Hedin et al., 1977a ,b)

makes use of measurements of upper-atmospheric co mposition from mass spectr ometers

on five satellites (AE-B, 000-6, San Marco 3, Aeros A and AE-C) and neutra l temp era-

tures Inferred from Incoherent scatter measurements at four ground stations (Arecibo,

Puerto Rico; Jicamarca, Peru; Millstone Hill, Mass.; and St. Santin, France). The overall

data set covers the time period from the end of 1965 to mid -1975 (effectively a complete

11 year solar cycle), values of F107 of 75—180, values of A~ up to —100, and Is most

applicable to the altitude range 200-600 km.

-52-

. -— - ______________________________________________________________________ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~
-‘

~~~~~~ I

~~~~~~~~~ -



I I
~I ’ T  

_ _ _ _ _
Model Formulation. The model formulation Is virtually identical to that of the

000-6 and ESRO-4 models. The following exceptions alLow more versatility in the MS1S

model:

1) The temperature and N 2 density at 120 km are functions of L, the variable repre-

senting the geographical and geophysical input parameters.

2) The temperature gradient parameter s is a function of L.

3) The variation with daily geomagnetic index A~ is nonlinear, allowing the model to

be applied to moderately disturbed times.

4) A time-independent North-South asymmetry is allowed in the densities.

5) Because of the likelihood of noticeable departures from hydrostatic equilibrium in

the diurnal and magnetic activity components of the density below 200 km , some

of the terms in the function 0(L) are multiplied by a function of altitude whic h

approximates the effects of a vertica l dif fusion velocity.

6) Many parameters in the function 0(L) as formulated In the 000-6 and ESRO-4

models were found to be of little sig nificance and are set to zero In the MSIS

modeL

Accuracy . The uncertainty in the absolute average exospheric temperature in the

model is about 15— 20°K. The coe fficient of temperature variation with F107 is 3%

highe r than in the Jacchia 1971 model and 10% higher than that in the 000-6 modeL
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The MSIS model N 2 density at 120 km is 25% below that in the Jacehia 1971 model. The

average temperature gradient parameter a = 0.0255 gives a temperature gradient at

120 km of 16.7°K/km, which is higher than the lO0K/km of the Jacehia 1971 model, but

which agrees with the incoherent scatter measurements.

The various atmospheric species can be crudely ranked as to the absolute error in

the model representation of the mean density profile above 150 km: N2 (— 15%),

0 ( —20%), He ( —20%), Ar ( —25%), H ( —50%) and °2 (—50%). Fortunately , the atmo-

spheric gas above 150 km is composed primarily of those species whose errors are the

lowest.

At 120 km , the tota l density Is 30% below that of the Jacehia 1971 model, pri-

marily because of the lower N2 density , which Is closer to that measured by rocket-borne

— mass spectrometers than is that in the Jacchia 1971 model. At altitudes above 205 km,

the MSIS mode l average dens ity is about 15% above that of the Jacchia 1971 model, well

within errors of absolute calibration and analysis for both mass spectrometers and orbital

drag studies.

Limitations. The MS!S model is believed to provide a better representation of

global temperature and composition variations than do other existing global models. The

limitations of the model arise primarily from incomplete data at low altitudes and during

t imes of disturbed magnetic conditions.
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Jacchia 1977

The Jacehia 1977 model is the lates t in a series of empir ical models of the

thermosphere. The i.ic~v!ous (1971) Jacchla model enjoyed widespread use, but the

analysis o f mass spectrometer data from 000-6 revealed that revision was necessary.

Analysis of these data showed that the phase of the diurnal variation was a function of

altitude and, more important, at a fixed altitude the phases of the diurnal variations of

the individual gases were di f ferent. A major goal of the model was to reproduce the

relative concentrations of N2 and 0 at 450 km as derived from 000—6 while agreeing

with the total density determined by satellite drag .

Jacchia 1977 Is really two sets of models, the static models and a model which

includes known thermospheric variations. The static models are indexed by exospheric

temperature, from which a temperature profile is determined. The profile starts with a

constant value of 1880K at 90 km, and an altitude gradient of zero , rises to an inflection

point at a fixed altitude of 125 km , and then continues to rise , asymptotIcally ap-

proaching the selected exospheric temp erature at high altitudes. In addition to temper-

ature , the static models give number densities as a function of altitude for N2, °2’ Ar,

0, He, and H. A fraction by volume for each gas at 90 km which agrees with the sea

level value (except for a corr ection to the helium fraction which is required in order to

obtain proper thermospherlc helium results ) is specified. Between 90 and 100 km a

temporary empirically determined mean molecular weight profile Is given and used, along

wit h the temp erature profile , to Integrate the barometlc equation for total mass density.

The departure from constan t mean molecular weight is ascribed entirely to the
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dissociation of 02; the relative number densities of N2, Ar , and He are held constant at

the 90 km values. Small corrections are then applied to the 0 and 02 profiles in order

to bri ng them into better agreement with experimental measurements. The final mean

molecular weight prof ile is computed from the number densities thus determined. Above

— 100 km the individual number densities decrease with altitude at a rate determined by a

diffusion equation which includes thermal diffusion (He and H) and vertical flux (H only )

terms as well as the usual molecular diffusion and g ravity terms. For H the boundary

condition is specified at 500 km and is a function of exospheric temperature, unlike the

other gases for which the boundary conditions are determined at 100 km as described

above.

The Jacehia 1977 model which includes thermospheric variations is an elaboration

of the static models and attempts to model several types of variation:

I. Variation with the solar cycle

2. Variation with the daily change in activity on the visible disk of the sun

3. The daily, or diurna l, variation

1. Variation with geomagnetic activity

5. Seasonal-latItudinal variat ions

6. The semi-annual variation.

The discussion of the model in this report is necessarily brief, and the complete

description (Jacchia, 1977) should be consulted for details.
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The mean exospheric temp erature is determined by a function of the daily F107

solar flux (evaluated at a time delayed an amount depending on local time) and a

Gaussian weighted average of F107 (using a time constant of 71 days).

The diurnal variation of the temperature about its mean value Is given by a

function of solar declination, latitude, and local time. For use in determining number

density profiles, a set of “pseudo-temperature” profiles are introduced, one for each

constituent. The equations which descr ibe these pseudo-temperature curves all have the

same form, but the phase of the local time variation is different for the pseudo-

temperature associated with each of the individual constituen ts. This is done so that,

when integrating the diffusion equation above 100 km, the times of peak density of the

various constituents can be at different hours of the day. The phases of the various

pseudo-temperatures are related in such a way as to result in the peak In total density

always occurring at the same )ocal time, Independent of altitude.

Variations with geomagnetic activity (characterized by the planetary index K~)

are divided into three categories. The first category, the “thermal component,” is

accounted for by an increase in temperature at all altitudes. The amount of atmospheric

heating which causes thIs temperature increase is characterized by evaluated at a

time which allows for a delay due to the propagation time of the heating from the polar

regions to the point of interest. This delay time increases with decreasing invariant

magnetic latitude. A correction to the temperature profile at all altitudes is determined

by the delayed value and the invariant magnetic latitude. This corrected temperature

profile , of course , is used when integrating the barometric arid diffusion equations. It

- 57 -

- _ _

L : -
~~~~~~

.- — -  -~~
--—-- - -~~



- - __
_ __ _  

_ _ _- - -
‘

might be noted that this charge greatly complicates use of the model because the

resulting temperature profile is not the same as the static model temperature profile

with the same exospheric temperature. This means that for - 0 it is not sufficient to

calculate the exospheric temperature, consult the static model tables corresponding to

tha t exospheric tempera ture, and then modify the tabulated densities as prescribed by

the model.

The second component of the variations due to geomagnetic activity is the “effect

of a change In the height of the homopause.” This is accounted for by a correction to the

individual number densities which increases the abundance of Ar and °2 while decreasing

the abundance of 0 and He; no correction is made to N2 or H.

The third component is the “equatorial wave” which describes the “piling t~ ” of

the atmosphere near the equator due to meridional flow &iven by the polar region

heating. I’hLa Latitude-dependent correction increases all constituents by the same

fractional amount.

The seasonal-latitudinal variations are divided Into a “thermosplierie” and a

“mesospheric” variation. The thermosphcrie term adjusts each gas by an amount

proportional to the product of solar declination and sine of the latitude of the point of

interest.

Although In the troposphere and stratosphere, as well as the opper t hermosphere,

the temperature is warmer in summer than winter , in the mesosphere the temperature is

warmer in winter than in summer. A corresponding behavior (with opposite phase) is

expected for the density. The mesospheric seasonal-latitudinal correction is of no

importance above 170 km. 
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The semi-annual variation Is accounted for in the same manner as in the Jaechia

1971 model where the dens ity of all constituents is modified by a percent which ii the

product of a function of altitude and a function of day of the year.

Limitations of the Model. The great majority of the data which have been used to

develop the model is from altitudes above 250 km. The model may therefore not

represent variations in the lower thermosphere as well as variations in the higher altitude

regions. The model is not well suited for use without a computer because of its com-

plexity. Relative to other recent models, Jacehia 1977 is not well suited for use on a

computer either. The modification of the basic form of the temperature profile because

of geomagnetic activity requires either numerical integration of the barometric and

diffusion equations for each data point of Interest, or storage of a vast amount of pre-

computed data. The introduction of psuedo-temperatures and the later correction of

densities destroys much of the aesthetic value which might have been derived from

basing density profiles on the diffusion equation. One might well ask whether the great

complexity relative to other models Is adequately justified by any compensating sig-

nificant incease In accuracy. Computational ease and efficiency have apparently not

been given much weight in the development of the model.

Accuracy. No adequate discussion of the accuracy of the model is presented by

its author, but comparison with experimental data (see the next section) leada to an

estimated r.m.s. error for densities of about 19%.
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IlL DISC USSION AND COMPARISO N OF MODELS

Two majo r factors which determine the usefulness of a model are Its conven ience

and its accuracy. Although the need for accuracy is obvious, the need for convenience is

of ten not clearly recognized. To a large extent, the requirements for a model to be

convenient for use are the same whether calculations are to be made manually or by an

electronic computer. A notable exception is in the use of extensive tables, which are

more appropriate for the human than the computer. A classic example is the evaluation

of an elementary trigonometric function wh ich a human mig ht look ~~ in a table of pre-

calculated values; the storage space which would be taken i~~ by such a table in a

computer is too valuable for such use, and the elementary functions are therefore

calculated from a formula. Hereafter we will assess convenience in terms of imple-

mentation of the model for use by a computer.

A model should have a simple structure. It can then be implemented with a

compact code which requires little storage space. This desire for simple structure is

somewhat in conflict with the complicated behavior of the thermosphere which tenda to

require more complexity in the model if adequate accuracy Is to be maintained. Simple

structure also usuai~ leada to fast execution time; however a structure which is

conceptually simple can lead to slow executIon In some cases. The most common

instance of this difficulty Is in the semi-empirica l models whi ch specify a temperature

profile and then give a differential equation (involving temperature) which must be

solved to obtain density profiles. The differential equation is solved by numerical

integration, a simple but time-consuming process. If the equation can be Integrated

analytically (as is the case when using a “Ba t es-Walker ” approach), the usefulness of the

model is improved.

~
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The model must provide the required parameters. Most modern models provide

temperature and densities of the major species. If only total density Is requIred, this

detailed output may have been purchased at some cost In terms of efficiency. The Input

parameters required by the model must be available. Such indices as F107 and have

been used in spite of their well-known inadequacies largely because of their availability.

That a model must be accurate is obvious. Less obvious is how the accuracy Is to

be characterized for a particular use. A perfect description of the atmosphere is the

ideal, but some kinds of Inaccuracies are unimportant for specific applications. A

satellite system designer who is required to estimate the orbital lifetime until reentry of

a satellite designed for a two year lifetime may be quite satisfied with a model having

the correct mean value when averaged over a month ’s time span even It the erro rs

averaged over a single orbit are quite large. On the other hand, a tracking station

operator may attach no importance at all to the long-term mean behavior of the

atmospt~~re (which can be empirically adjusted for in day-to-day operations) if the model

could only accurately predict the sho rt-term variations.

Now we will try to make so me assessment concerning the usefulness of the models

presented in th is report. Models produced prior to 1970 were developed from data bases

with significant limitations. Most of the data were from sate llites with perigee altitudes

above 250 km and were based on &ag calculations which only give total density. The

only advantage these models have over more recent models is their greater si mplicity

and the many years of experience which some groups have had In using them. More

recent models are more suitable except for those situations where only total density is

required and some loss of accuracy can be tolerated In exchange for small , fast computer

code or where the cost of replaci ng present softw are greatly exceeds the benefits

achievable by the use of better (but still far from perfect) models.
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The OGO-6 and ESRO-4 models have the same structure as the MSIS model but

were based on more limited data, and these two models can probably be regarded as

obsolete.

The McDonnell Douglas model (MDAC) has as its most Interesting and potentially

important feature a specific incorporation of high latitude heating effects. The present

version of the model, unfortunately, does not specify how the parameters which describe

this heating are to be derived from available geophysical data, and only “typical” values

for these parameters are given. Thus, the model’s greatest potential asset is presently

one of its greatest weaknesses, and until the model Is developed further it cannot be

recommended for general use.

The best models for general use are probably Jacehia 197 1 (or the nearly identical

CIRA 1972) and MSIS. Jacchia 1971/CIRA 1972 is an internationa lly recognized model

which is fami liar to most workers in the field. It is thoroughly documented, and an

excellent FORTRAN version of the comp uter code has been published in the CIRA 1972

report. It is primarily based on ~~ag data from satellites with perigee altitudes above

200 km. It does not incorporate some of the most recent knowle~~e of the behavior of

individual species and thus is especially of value when only total density at altitudes

above 200 km is required. The model requires numerical integration of the diffusion

equation which is a time-consuming procedure; in order to avoid this difficulty some

users have developed modified versions of the model which give approximately the same

results but are computatlonally more efficient.

Jacehla’s 1977 model, although still limited in the amount of low altitude data on

which It is based, does describe the diurnal behavior of the Individual species In a manner

-63- 
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consistent with recent observations. The major objection to thIs model is its complexity

and resulting inconvenience of use. It appears that development of the model was guided

almost entirely by considerations of accurac y.

The data base used to develop the MSIS model includes low altitude data and mass

spectrometer determined measurements of individual species. Numerical integration Is

not required, resulting in a reasonably fast comp uter code . There is no published version

of the computer code . The Goddard group has provided a FORTRAN version of the

model upon request, but there are some difficulties with this code. It appears to have

been developed over a period of time and is not as “clean ” or well written as the CIRA

1972 code. It is written in a non-ANS I dialect of FORTRAN which is not acceptable at

some computer installations without non-trivial modifications. Despite these limitations,

it is probably the best presently available model for general use, especially for use at

altitudes below 200 km and where individual species date are required. As the model is

based on only a fraction of the Atmosphere Explorer data, publication of a revised

version in the near future would not be surprising. If we may be guided by memory of the

replacement of the OGO-6 model by the MSIS model, we may anticipate tha t a revised

versi on of the MSIS model would have a structure nearly identic al to the present version.

A specific comparison of a number of models with measured data Is given in

Tables 1-13. The data consist of in—situ measurements of tota l density made by cold

cathode ion gauges carried on board NASA ’S A E-C, 0, and E satell ites. Data were from

December 1973 to November 1974 (AE-C ), October 1975 to Janua ry 1976 (AE-D), and

November 1975 to October 1976 (AE- E). Measurements were made in an altitude range

of approximately 135 to 300 km. For every experimental determinat iun of density, each

of the mode ls was used to calculate a dens ity ~ising values of geophy sical and solar
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parameters appropriate for the time and location of the experimental measurement. The

quantity

r = log (measured density
model density

was then used to comp ute three statistics which may be used to examine the ability of

the models to predict thermospheric density. Let us denote by r1 this quantity calculated

for the l—th density determination in the data base.

The mean or average, error of a model is characterized by

~~~~~~~~~~

where n Is the number of points used. The r.m.s. error Is characterized by

~1
f-

~
;•—

=( ~ 
~

and the r.m.s. error after removi ng the mean error is characterized by

[
~ ~~~~~ 

(r1 - r)
2 ]
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Table 1 presents these statistics computed for the entire data base. Tables 2-13

give the same statistics computed using data from a number of specIfic altitudes.
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TABLE 1

Comparison of Measured Densities to Model Values

AU altItudes (135-300 km)

n = 32, 720

‘DENSEL 0.152 0.283 0.239

J65 -0.186 0.258 0.180

J71 0.058 0.173 0.163

MDAC 0.230 0.307 0.203

MSIS 0.001 0.163 0.163

J77 0.054 0.182 0.174

r = I fmeasured density
~~~ model density
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TABLE 2

Comparison of Measured Densities to MOdeL Values

135 km

n 331

\[1
‘DENSEL 0.236 0.289 0.166

J65 -0.089 0.191 0.169

J71 -0.040 0.150 0.145

MDAC -0.017 0.150 0.149

MSIS 0.110 0.170 0.130

J77 -0.052 0.199 0.192

r = I measured density
~~~~ model density
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TABLE 3

Comparison of Measured Densit ies to Model Values

140 km

n 939

‘DENSEL 0.215 / 0.271 0.166
- 

- 
J65 -0.060 0.181 0.171

- ~
- J71 0.009 0.136 0.136

- MDAC 0.047 0.146 0.138
- . MSIS 0.089 0.160 0.133

- J77 0.010 0.178 0.178

- r - 1 ~ 
measured density

- °~e \  model density
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TABLE 4

Comparison of Measured-Densities to Model Value

150 km

n = 1655

‘DENSEL 0.171 0.234 0.159

J65 -0.108 0.191 0.158

J71 0.034 0.143 0.139

MDAC 0.108 0.185 0.150

MSIS 0.057 0.135 0.122

J77 0.031 0.165 0.162

r = ~
‘ measured densit y

model density
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TABLE S

- 

Comparison of Measured DensIties to Model Value

- 160 km

n 2059

HI
‘DENSEL 0.178 0.238 0.159

J65 -0.132 0.200 0.150

J71 0.057 0.152 0.141

MDAC 0.164 0.231 0.163

I MSIS 0.041 0.130 0.123

J77 0.050 0.168 0.161

- I ~‘ 
measured density)r - 

~~~~ model density

-

. - 
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TABLE 6

Comparison of Measured Density to Model Values

170 km

n = 1371

1• \/
1r 2 

~/ r 2-r2

‘DENSEL 0.223 0.275 0.161

J65 -0.133 0.200 0.149

J71 0.082 0.169 0.148

MDAC 0.216 0.276 0.172

MSIS 0.037 0.140 0.135

J77 0.089 0.166 0.151

r ~ 
measured density

~~~ ~ iiiodel density

I
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TABLE 7

Comparison of Measured Densities to Model Values

180 km

n 1367

‘DENSEL 0.256 0.308 0.172

J65 -0.149 0.214 0.154

J71 0.091 0.178 0.152

MDAC 0.253 0.310 0.178

MSIS 0.029 0.115 0.142

• J77 0.076 0.175 0.158

r = I measured density
~~~ \ model density

-7 3-

;.-_ 

~~~~~1 

— —

~~~

- - --—-- ‘ . -

—---—---

~

- -- -



_ _ _  _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~--~~~~~

TABLE 8

Comparison of Measured Densities to Model Values

200 km

n = 1982

r \/ r2 
\Jr

242

‘DENSEL 0.286 0.340 0.184

.765 -0.188 0.245 0.156

.771 0.099 0.185 0.156

MDAC 0.312 0.365 0.188

MSIS 0.025 0.152 0.150

J77 0.091 0.189 0.165

r - measured densi ty
- oge (  model densi ty
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TABLE 9

Comparison of Measured Densities to Model Values

220 km

n 1100

V r 2
~

2

‘DENSEL 0.084 0.238 0.223

J65 -0.266 0.324 0.186

J7 1 0.039 0.185 0.181

MDAC 0.277 0.350 0.214

MSIS -0.068 0.185 0.172

.777 0.033 0.188 0.185

r = 
measured density

~~~~ model density

- L
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TABLE 10

Comparison of Measured Densities to Model Values

240 km

n = 804

‘DENSEL -0.108 0.251 0.226

.765 —0.332 0.375 0.174

.771 -0.006 0.182 0.182

MDAC 0.252 0.332 0.215

MSIS -0.145 0.226 0.174

.777 —0.009 0.178 0.178

= ~ 
(measured density

~~~~~~ model density -
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TABLE 11

Comparison of Measured Densities to Model Value

260 km

n 675

‘DENSEL -0.213 0.300 0.212

.765 -0.316 0.358 0.189

.771 0.023 0.182 0.181

MDAC 0.290 0.360 0.214

MSIS -0.141 0.224 0.174

.177 0.035 0.184 0.180

r = I 1measured density
~~~~ model density

I

J~ 
_ _ 
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TABLE 12

Comparison of Measured Densities to Model Values

280 km

n = 625

£ \ / 2

‘DENSEL -0.262 0.337 0.211

.765 -0.283 0.331 0.172

.771 0.068 0.192 0.179

MDAC 0.337 0.399 0.215
-

- 

MSIS —0.112 0.206 0.172

.777 0.091 0.200 0.178

— 

r = 1 / measured density
model density

—~
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TABLE 13

Comparison of Measured Densities to Model Values

300 km

n 582

r \J~~~

‘DENSEL -0.297 0.367 0.215

.765 -0.245 0.307 0.184

J7 1 0.122 0.225 0.189

MDAC 0.378 0.441 0.228

MSIS -0.078 0.187 0.170

• J77 0.151 0.240 0.187

I r - 

~ 
(measured density

- 

~~~ model density

j*

_ _ _ _ _ _  
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Perhaps the most notable (and most discouraging) feature of Table I is the lack of

substantial improvemen t In model development since 197 1. In fact , except for an overall

multiplicative factor due to being based on data taken at times near maximum solar

activity, one might well conclude that there has been little improvement sInce 1965. If

individual species were examined instead of total density, the progress of the last several

years would presumably be more apparent. J71, MSIS and .777 all give similar accuracy

when used to predict total density and are significantly superior to ‘DENSEL, .765 and

MDAC. For predicting number densities of individual species it may be anticipated that

the performance of .771 would be poorer than tha t of MSIS and J77.

After nearly twenty years of thermosp heric modeling work , it is Interesting to ask

about the accuracy of the models. This is a question not often discussed In any

significant detail by the authors of the various models. An indication of the limits of

recent models is seen in Figure 10, taken from the 0(30-6 model report. The comparison

seen is between the model prediction and the data on which the model Is based. If

comp ared with other data it would undoubtedly be found that the agreement would be

even worse. Some of the scatter in Figure 10 is attributable to measurement error, but

it seems clear tha t much of it is due to limitations of the model. Figures such as this

clearly demonstrate the limitations of present-day models. Although thIs performance

may seem rather poor In view of the ever greater accuracy demanded by users, a glance

at Figure 11 may serve as a reminder tha t the remaining errors are not especially large

when compared with the great variations present in the upper atmosphere. If one could

• predict the stock market behavior as accurately as thermo spheric density, his future

financial security would be well assur ed.
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Figure 10. Ratio of the measured N2 density to the model N2 density as a function of
ti me from perigee, geographic latitude, local time, F10 ~ 

solar flux ,
magnetic Index A~ and day of year (from HedIn et al., 1972).
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Figure 11. Observed and computed densities, reduced to a standard height of 530 km
for satellite 1984 76A (Explorer 24). Computed densities were derived
using the Jacehia 197 1 model (from Jacch ia, 1971).

-8Z-

-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
V



V - — 
~~~~~~~~~~~~~~~ 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -- 

___________________________

Why is it that models do not do a better job of predicting thermoepheric der.sity?

Part of the answer lies In the selectio n of parameters to characteri ze conditio ns in the

thermo sphere. For example , the amount of EUV heati ng is often measured by the 10.7-

cm solar flux. The 10.7-cm flux itself cannot significantly heat the upper atmosphere. It

has been established , however, that there is a reasonable correlation between the EUV

flux and the 10.7-cm flux. This correlation Is only approximate and may not be adequate

for uae in accurate models. However , the 10.7-em flux Is measured regularly and hence

is readi ly avaIlable; better a “ fair ” index than none at all. A sim ilar situ ation exists with

respect to the energetic particle heati ng which occurs duri ng geomagnet ic storms. This

heati ng is related to disturbances in the earth ’s magnetic field , but the relationshi p Is

undoubtedly not adequate for high accuracy models. There is a need for new parameters

to be made available which more directly charac terize phenomena which affect the

* thermosphere. Although this need has been recognized for over a decade, no significant

new parameters have emerged.

Even if such improved parameters were available , it is not clear that extremely

accurate models are possible. Gravity waves and other transient disturban ces affec t the

1 density in a seemi ngly random fashion. It may be tha t ultimately we will be able

accurately to predict the averag e state of the atmosphere but not be able to predict

short-term (e.g. on a time scale shorter than a few hours ) departures from this average

state. In the language of the meteorologist it may be that we can predict the “climate ”

but not the “weather. ” It is not clea r at present what the ultimate accuracy of models

can be. There is still much to be done in developing the theoretical understanding of

thermosp heric behavior, particularly the interaction of the thermosphere with the next

lower altitude region, the mesosphere.
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Although there is no immediate prospect of a revolutionary improvement in the

accuracy of thermoepherle models, there are nevertheless good reasons for believing that

prediction of thermospheric behavior may undergo significant improvement in the long

run. Unlike tropospheric weather prediction, there does not exist the problem of local

• geography causing small- scale local differences. Propagation times for disturbances are

of the order of hours which helps to smooth out perturbations quickly. The coupling

between the mesosphere and the thermosphere and the unknow n behavior of the

atmosphere in the region near 90 km Is a problem , as is the lack of routine monitoring of

the state of the entire thermosphere by the equivalent of present meteorological

satellites which monitor the troposphere and stratosphere. As remote sensi ng techniques

are developed and applied to the mesosphere and Lower thermosphere, we may reasonably

expect that there will be steady, though probably not spectacular, progress toward higher

accuracy models.
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I
IV. DENSITY CONTOUR PLOTS

• Con tour plots with isopleths of constant total mass density are shown In this

section for the moat important models in current use: ‘DENSEL, Jacchia 1971, MDAC,

MSLS, and Jaechia 1977. The OGO-6 and ESRO-4 models are assumed to have been

replaced by MSIS. As the emphasis for this report is on the lower thermospherie regions

where satellite ~~ag is important, the models have been evaluated at 140 and 180 km to

show the low altitude behavior, and at 400 km to give an indication of the behavior at

higher altitudes.

4 The contour lines are labeled with a two digit code , and the densities

corresponding to the various code numbers are g iven in a table to the rig ht of each plot.

• It should be noted that each plot Is scaled independently and that in two differen t plots ,

contour lines with the same label may correspond to different densities. The primary

coordinates of local time (in hours ) and latitude (In degrees) are given on the axes of the

plot for the northern hemisphere. The values of various other parameters are given In

• 

-

V 
the heading above the plot. Equinox , Summer , and Winter denote the dates March 21,

July 21 , and December 21 , respectively.

- Althoug h to the greatest extent possible , the plots have been made for identical

conditions for each of the models, some accommodation has been made to the varying

requirements of the models. The value labeled F 10.7 has been used for both F107 (the

long term average) and 
~1O 7  (the daily value ). There Is no density variat ion for

‘DENSEL at 140 km, so contour plots at that altitude are not shown. MSIS requires
V 

speci f ication of A17 rather than K
17
. A value of A~ 7 has been used for the plots labeled

I
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In some eases both geomagnetic and geographic latitude are required. The plots

given were produced by setting both the geomagnetic and geographic latitude to the

same value corresponding to the indicated latitude.

It is Interest ing to note that the computer version of the model obtained from

group does not apply the method described in Jacehia 1977 for correcting the

temperature pro(tle for geomagnetic activity , but rather uses the static model

temperature profile which has the correct exospheric temperature. At the time of this

writing. Jacehia’s group did not have a computer rout ine wh ich corresponded exactly to

the model description (p r ivate communication ). The lower altitudes are most likely to be

affected by this change, although it is anticipated that diff erences should not be large.
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